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1. Introduction

Formaldehyde, a chemical commonly found in many for standard gas mixtures will further increase as emis-
industrial and commercial environments, has been iden- sions are reduced and measurements of lower amount of
tified as a source of free radicals which lead to the substance fractions are required.
formation of ozone and photochemical smog [1]. Emis- A variety of methods have been used to generate
sions from gasoline-powered motor vehicles are a major calibrated mixtures of formaldehyde including perme-
source of ambient levels of formaldehyde [2]. To im- ation devices, diffusion cells, reaction vessels and static
prove air quality, legislation has been enacted to reducegas cells [5]. Unfortunately, these techniques are diffi-
vehicle emissions by using alternative fuels and modify- cult to use in field environments because they require
ing the engines [3]. The efforts to correlate levels of constant calibration. A pressurized cylinder which con-
formaldehyde and other vehicle emissions with various sistently delivers a known amount of substance fraction
fuel mixtures rely on the preparation of accurate and of formaldehyde would be an ideal standard for an in-
precise standard amount of substance fractions to cali-dustrial setting. However, formaldehyde vapor's high
brate the analytical instrumentation. In fact, the Ameri- reactivity and tendency to polymerize has limited the
can Industry/Government Emissions Research (AIGER) success of delivering formaldehyde gas standards in a
[4] consortium identified a practical formaldehyde stan- cylinder [6]. As an alternative method, the feasibility of
dard as a critical teclulogy reeded to improve mea-  a cylinder-deliverable formaldehyde standard by catalyt-
surements of emissions from motor vehicles. This need ically converting methanol from cylinder standards was
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examined. If the methanol to formaldehyde conversion Table 1. Catalysts tested for use in converting methanol to formalde-
rate is well characterized, this method has the potential hyde

of delivering known amount of substance fractions of
formaldehyde based on the initial amount of substance "YP® Particle = Source

fraction of the methanol standard. ?rfnT)eter

Passing a mixture of methanol in air over a heated
catalyst has been a key process for manufacturing Chromium Il oxide 3-6 Aldrich Chemical Company, Inc.
formaldehyde since the late 1800s [7]. Formaldehyde Copper 0.4-2 Aldrich Chemical Company, Inc.
monomer was first synthesized and isolated by passing™on(!l) oxide 0.5-0.6  Aldrich Chemical Company, Inc.
methanol vapors and air across hot platinum wire. Sub- Molybdenum 0-8°1.6  Chemalioy Company, Inc.

) - Nickel 0.8-2 Envirotech

sequently, copper and silver catalysts were used in largesiyer 0.4-0.8  J&J Materials, Inc.

scale formaldehyde manufacturing. Additional catalysts
such as iron, chromium, and molybdenum also react
with methanol to give high formaldehyde vyields [8, 9, [2] to heat the stainless steel tube and the catalyst. A

10]. Formaldehyde can be generated by oxidation, brass rod was machined to provide thermal contact be-
tween the ceramic heater and the stainless steel tube. A
CH3;0H +Y20, - CH,0O + H,0O Q) schematic diagram of the formaldehyde generator with
the methanol delivery system, the TDLAS and the FTS
and/or dehydrogenation of methanoal, is provided in Fig. 1.
In this study, two 20 cm long methanol permeation
CH;OH - CH,O + H,. (2) tubes [13] maintained at 50°C and weighed periodi-

cally were used as one quantitative source of methanol.
Reactions which compete with the final formaldehyde The permeation rates were obtained by modeling the
yield include pyrolytic decomposition of formaldehyde permeation tube weight loss as a function of time by
to carbon monoxide and hydrogen, particularly at tem- linear regression. The total methanol permeation rate
peratures above 30C, and oxidation of formaldehyde was (6.96+ 0.06)X 10°° g/min. Unless otherwise
to formic acid or to carbon dioxide and water. noted, the uncertainties in this paper are expressed as an
In this study the methanol to formaldehyde conver- expanded uncertainty = ku, with u, being estimated
sion efficiency of several catalysts was measured using from the experimental standard deviations and the cover-
a tunable diode laser absorption spectrometer (TDLAS) age factoik set equal to 2 [14]. A calibrated mass flow
and a Fourier-transform infrared spectrometer (FTS). controller (MFC) was set to deliver the carrier gas, either
The conversion efficiencies were examined as a function ultra-high-purity (UHP) air or UHP nitrogen, at
of catalyst temperature, balance gas, catalyst bed length(1.00+ 0.01) L/min across the permeation tubes. The
and methanol amount of substance fraction in an effort final methanol amount of substance fraction delivered to
to identify conditions which yield high and consistent the formaldehyde generator was (4:88.06) pmol/
conversion of methanol to formaldehyde. mol. Gravimetric cylinder standards containing (4.54,
18.81, 88.8 and 202.2ymol/mol methanol-in-air were
used as a second quantitative methanol source. In this
2. Experimental case, the relative expanded uncertainty in the methanol
amount of substance fraction was 0.5 %. Delivering
The formaldehyde generator consisted of a 0.95 cm methanol from the cylinder standards under the continu-
outer diameter stainless steel tube packed with one of ous flow conditions minimized any possible adsorption
the catalysts listed, along with the mesh sizes and the effects.
catalyst source, in Table 1. Ultra-thin high performance  Typical measurements consisted of continuously
ceramic heaters [11jwith a 3.18 cm inner diameter flowing a methanol gas mixture, slightly above ambient
were used with a microprocessor temperature controller pressure, over the catalyst bed for 10 min to flush the
I system. The catalyst bed was then heated to the appro-
! Certain commercial equipment, instruments, or materials are identi- priate temperature and allowed to equilibrate for 15 min
fied in this paper to fpster understanding. Such ident_ification d_oes not pafore any measurements were made. A 10 min equili-
imply recommendation or endorsemen't py the National Instltt_Jte of bration time was used between each point in the temper-
Standards and Technology, nor does it imply that the materials or .
equipment identified are necessarily the best available for the pur- ature dependence studies. The amount of formaldehyde
pose. produced was measured using a lead salt tunable diode
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Fig. 1. Schematic diagram of the formaldehyde generator, the methanol delivery, the tunable diode laser
absorption spectrometer (TDLAS), and the infrared Fourier-transform spectrometer (FTS). The gas flow rates
were controlled by mass flow controllers (MFC). The catalyst bed and heater lengths are dengtaddoy

In, respectively.

laser system which has been described in detail previ- the formaldehyde permeation tubes producing a final
ously [15]. Briefly, approximately one-third of the gas formaldehyde amount of substance fraction of
exiting the formaldehyde generator was drawn into a 30 (6.1 = 0.2) wmol/mol.
L variable length multipass sample cell. The cell pres- The amount of substance fractions of methanol and
sure was maintained at approximately 1.33 kPa with a CO, contained in both the initial gravimetric methanol
needle valve. The final pressure was monitored with a samples and in the formaldehyde generator exhaust were
calibrated capacitance manometer determined to have aneasured using an FTS equipped with a multipass cell.
relative expanded uncertainty of 0.1 %. The cell path The sample gas flowed through the room temperature
length was set to (69.53 0.01) m. The lead salttunable cell continuously at 1 L/min and was maintained slightly
diode laser was tuned to a formaldehyde line in the 2920 above ambient pressure. Spectra were averaged over 30
cm ! to 3000 cm? region. The diode was frequency min at 0.120 cm' nominal resolution using a HgCdTe
modulated at 36.3 kHz and the laser intensity after the detector with the cell path length set at (9:28.01) m.
cell was monitored with a InSb detector. The signal was Background spectra were acquired by flowing UHP ni-
processed using a high speed lock-in amplifier in the trogen through the room temperature cell. The intefero-
second derivative mode. grams were processed using a 3-term Blackman-Harris
The signal from the formaldehyde generator was apodization function, Mertz phase correction, a factor of
compared to the signal obtained from one 10 cm and two zero-filling and a non-linear detector correction
two 20 cm long formaldehyde permeation tubes [13] routine supplied with the instrument [16]. The final
held at 90.0C. The formaldehyde permeation tubes absorbance spectra were compared to corresponding
were calibrated in the same manner as the methanolquantitative spectra in the NIST spectral database [17]
permeation tubes. The total formaldehyde permeation and the 0.5 cm' resolution quantitative spectra in the
rate was (8.2- 0.2) X 10°® g/min. A calibrated MFC QASOoft-96 database [18]. A computer program which
was used to flow (1.0& 0.01) L/min of nitrogen across  distributed the intensity of each point in the spectrum
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over a gaussian of appropriate linewidth [19] was used formaldehyde. Furthermore, in contrast to the copper
to match the resolution of the spectra acquired at 0.120 catalyst, the performance of the molybdenum catalyst is
cm * to the 0.5 cm* reference spectra. not likely to degrade if it is exposed to air at high
temperatures. Since only the formaldehyde product was
measured, it is impossible to identify the underlying
3. Results and Discussion reasons for the relative methanol conversion efficiencies
observed for the other catalysts tested. Possible reasons
Figure 2 shows the percent methanol converted to for the lower formaldehyde yields may include: 1) a
formaldehyde as a function of temperature for copper, lower methanol reaction probability; 2) methanol reacts
silver, chromium oxide, and molybdenum catalysts with to form other products, such as CO ang 8) formalde-
the balance gas, UHP air or UHP nitrogen. These exper- hyde further reacts to form other products. Previous
iments used a catalyst bed lendth 11.4 cm, with a work suggested that formaldehyde product is less likely
heater of length, = 7.6 cm, around the middle portion from metals with high CO binding energies [20].
of the catalyst bed. The initial methanol amount of sub-  Although the surface structure of the metal granules
stance fraction was (4.86 0.06) wumol/mol generated  was not characterized, insight into the reaction mecha-
by permeation tubes. No formaldehyde was observed for nism can be gained from ultra-high vacuum studies of
nickel and iron oxide catalysts with either air or nitrogen methanol adsorption and reaction on a variety of single
as the carrier gas. For the copper and silver catalysts,crystal surfaces. High resolution electron energy loss
formaldehyde was observed only when nitrogen was measurements reveal that a methoxy intermediate
used as the carrier gas. Chromium oxide required air to resides on several metal surfaces, including molybde-
produce formaldehyde, while molybdenum generated num [20, 21, 22]. Temperature programmed desorption
formaldehyde with either air or nitrogen as the carrier studies indicate that methoxy intermediate decomposes
gas. From Fig. 2 it is clear that the formaldehyde pro- by a C—H bond breaking followed by further decompo-
duction is strongly dependent on the catalyst, the catalystsition to CO and H or formaldehyde desorption [23],
temperature and the carrier gas. depending on the surface. Residual carbon and oxygen
Under the tested conditions, the molybdenum catalyst can also remain on the surface.
clearly gives the highest conversion of methanol to
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Fig. 2. The percent methanol converted to formaldehyde measured as a function of temperature for a number of catalysts with
lc=11.4 cm andl,=7.6 cm. The methanol amount of substance fraction was #.886) pmol/mol from methanol
permeation tubes.
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Figure 3 shows the molybdenum catalyst conversion ciency for the (4.86t 0.06) wmol/mol methanol stan-
efficiency as a function of the balance gas. For a catalyst dard would be gained. It is interesting to note that the
bed with I;=11.4 cm andl,=7.6 cm, the percent formaldehyde yield decreased for the longer tube with
methanol converted to formaldehyde increases by 40 % nitrogen as the carrier gas. In this case, the formalde-
using air rather than nitrogen as the balance gas. Thishyde decomposes with the longer interaction with the
clearly indicates that oxygen in the carrier gas plays an catalyst in the nitrogen environment.
important role in the formation of formaldehyde for the The molybdenum catalyst conversion efficiency was
molybdenum catalyst. The mechanism for this increased examined as a function of initial methanol amount of
efficiency has not been identified. The presence of ad- substance fraction using four gravimetric methanol-in-
sorbed oxygen may enhance the methoxy radical forma- air standards. As shown in Fig. 4, the percent methanol
tion and/or subsequent formaldehyde generation. Theconverted to formaldehyde decreased as the initial

oxygen may also provide an alternative oxidation reac-
tion to form formaldehyde.

Figure 3 shows the increase in the methanol to
formaldehyde conversion efficiency observed for a cata-
lyst bed withl, = 19 cm and, = 15.2 cm versuk = 11.4
cm andl, = 7.6 cm. This indicates that a longer catalyst
interaction time enhances the formaldehyde yield. A
conversion efficiency as high as (874) % was mea-
sured for a (4.86= 0.06) wmol/mol methanol standard
with I =19 cm,l, = 15.2 cm, and the catalyst tempera-
ture held at 350C. The precision of this measurement
is limited by the precision of the formaldehyde perme-
ation tubes used to calibrate the TDLAS and the inher-
ent instabilities of the particular diode used. The catalyst
tube length was not lengthened further, since it is un-
likely that a significant increase in the conversion effi-

methanol amount of substance fraction increased from 5
pmol/mol to 200pmol/mol. Again, the longer catalyst
bed, withl;=19 cm and} = 15.2 cm, produced more
formaldehyde than the shorter bed. This suggestdhat
andl, can be further optimized to yield higher conver-
sion efficiencies for higher initial methanol amount of
substance fractions. Adjustment of the amount of oxy-
gen in the carrier gas may also enhance the final
formaldehyde yield. Additional experiments suggested
that molybdenum catalyst that had been exposed to an
oxygen environment at high temperatures over a long
period gives higher conversion efficiencies at higher ini-
tial methanol amount of substance fractions.

An FTS was used to identify additional products of
the formaldehyde generator. Details of these measure-
ments can be found in the Appendix. Figures 5, 6 and 7
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Fig. 3. The percent methanol converted to formaldehyde as a function of molybdenum catalyst temperatlge dgint
cm with I, =7.6 cm and. =19 cm withl,=15.2 cm. The methanol amount of substance fraction was 4.8®6)

pmol/mol from methanol permeation tubes
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Fig. 4. The percent methanol converted to formaldehyde measured as a function of the initial amount of substance
fraction of methanol-in-air standards using a molybdenum catalystlwiti9 cm and, = 15.2 cm.
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Fig. 5. Fourier-transform infrared spectra of the initial methanol gravimetric samples. A) #4&82) pmol/mol
methanol-in-air gravimetric standard. B) (88:80.1) wmol/mol methanol-in-air gravimetric standard.
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Fig. 6. Fourier-transform infrared spectra of the outflow from a molybdenum catalyst bed,wittiL.4 cm and, = 7.6 cm.
The catalyst bed was maintained at 380with the methanol mixture flowing at 1 L/min. A) (4.54 0.02) pmol/mol
methanol-in-air gravimetric standard. B) (88:80.1) wmol/mol methanol-in-air gravimetric standard.
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Fig. 7. Fourier-transform infrared spectra of the exhaust from a molybdenum catalyst bddwitB cm andy, = 15.2 cm.
The catalyst bed was maintained at 380with the methanol mixture flowing at 1 L/min. A) (4.54 0.02) pmol/mol
methanol-in-air gravimetric standard. B) (88:80.1) w.mol/mol methanol-in-air gravimetric standard.
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show infrared spectra for the 4.54mol/mol and 88.8 Table 3 summarizes the amount of substance fraction
pmol/mol methanol in air gravimetric standards and of methanol contained in the initial methanol gravimet-
spectra of the formaldehyde generator exhaust for two ric standard and the final amount of substance fractions
molybdenum catalyst bed lengths. In all cases the emitted by the formaldehyde generator based on the
catalyst was maintained at 380 with the methanol infrared spectra. For the (8880.1) pmol/mol
standard flowing at 1 L/min. The essential features of methanol-in-air standard, a substantial amount of
these spectra match the reference spectra [16, 17] ofmethanol remains after the converter. This supports the
methanol, formaldehyde, and carbon dioxide. In all notion that the catalyst bed length could be further opti-
cases, less than Ojimol/mol of carbon monoxide was  mized to improve the conversion efficiency for higher
detected. Comparisons of Figs. 6 and 7 with available initial methanol amount of substance fractions. To
reference spectra indicate that other potential byprod- check whether the products in the formaldehyde gener-
ucts such as acetaldehyde, formic acid, and methane, ifator output account for all of the methanol introduced
present, are below the detection limits. At 0.120ém into the system, the sum of the final methanol and
resolution, the bands of potential hydrocarbon byprod- formaldehyde amount of substance fractions is com-
ucts overlap with the formaldehyde bands. Therefore, it pared with the initial methanol amount of substance
is difficult to quantitate trace levels of these species in fraction in Table 3. Of course, the validity of this com-
the presence of formaldehyde, particularly at higher fi- parison assumes that a steady state condition has been
nal formaldehyde amount of substance fractions. Table 2 reached and that the catalyst bed is not a source or a sink
lists the band regions and the approximate FTS detectionof carbon containing species.
limits for acetaldehyde, formic acid and methane in  For the (4.54+ 0.02) wmol/mol methanol-in-air
the presence of formaldehyde at two different initial standard, the sum of the final methanol and formalde-
methanol amount of substance fractions. Clearly, these hyde amount of substance fractions agree with the ini-
measurements would be improved by using a technique, tial methanol amount of substance fraction for both
such as higher resolution infrared spectroscopy, that canformaldehyde generator lengths. For the (88.8.01)
selectively detect a variety of small hydrocarbons. pmol/mol methanol standard, the sum of the final
formaldehyde and methanol amount of substance frac-
Table 2. Approximate Fourier-transform spectrometer detection lim- tions match the initial methanol amount of substance
its of potential impurities in the formaldehyde generator outflow fraction for the generator with=11.4 cm and,= 7.6
cm. However, for the longer generator with=- 19 cm

Compound 4-54umol/mol 88.8mol/mol andl, = 15.2 cm, the final formaldehyde and methanol
methanol source methanol source . L
( amount of substance fractions are significantly lower
pmol/mol) (wmol/mol) L .
than the initial methanol amount of substance fraction.
Acetaldehyde 1 5 The FTS spectra shown in Figs. 5-7 indicate that CO
Formic acid 0.2 2 is also present in both the methanol-in-air standards and
Methane 0.2 5

in the generator outflow. Table 4 summarizes the initial
and final CQ amount of substance fractions for the

Table 3. Initial and final methanol amount of substance fractions determined by Fourier-transform infrared spectroscopy and final
formaldehyde amount of substance fraction measured by tunable diode laser absorption spectroscopy. (The quoted uncertainties are
expanded uncertainties with coverage fadter2 [14]

Initial methanol Post generator
amount of substance amount of substance fractions
fractions
Generator Methanol Methanol Formaldehyde Sum of methanol and
length (xmol/mol) (wmol/mol) (wmol/mol) formaldehyde
(rmol/mol)
le=11.4 cm,l,=7.6 cm 4.54+ 0.02 0.5+ 0.1 4.2+ 0.15 4.7+ 0.2
88.8+ 0.1 278+ 0.5 59.8+ 1.8 87.6x 1.9
lc=19 cm,l,=15.2 cm 4.54+ 0.02 Not Determined 4.3 0.15 4.3+ 0.2
88.8+ 0.1 15.5+ 0.5 67.3+ 2.0 82.8x 2
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Table 4. Initial and final carbon dioxide amount of substance fractions determined by Fourier-transform infrared spectroscopy.
(The quoted uncertainties are expanded uncertainties with coverage Kac®f14])

Generator Methanol sample Initial GO Post generator CO Change in CQ@
length (wmol/mol) (wmol/mol) (mol/mol) (wmol/mol)
le=11.4 cm|l,=7.6 cm 88.8+ 0.1 3.0x0.1 4.4+ 0.2 1.4+0.2
le=19 cm,l,=15.2 cm 88.8+ 0.1 3.0+ 0.1 5.2+ 0.2 2.2+ 0.2

generator using the (88:8 0.01) wmol/mol methanol for the catalytic conversion of methanol to formaldehyde
standard. In each case, the C@mount of substance were examined including: catalyst; catalyst bed and
fraction in the generator exhaust is higher than the initial heater lengths; catalyst temperature; carrier gas; and the
CO; amount of substance fraction in the methanol stan- initial methanol amount of substance fraction. The
dard. This suggests the catalyst converts some of thehighest observed conversion rate was {94) % for the
methanol to C@ The netincrease in the G@mount of molybdenum catalyst. The conversion efficiency was
substance fraction in the generator exhaust is also listedfound to be consistent over repeated cycles and over a
in Table 4. The amount of substance fraction of carbon long lifetime test, suggesting that a molybdenum cata-
products can be obtained by adding the net increase inlyst is a viable candidate for a standard formaldehyde
CGO; to the sum of the final formaldehyde and methanol generator, particularly for low formaldehyde amount of
amount of substance fractions from Table 3. For the substance fractions (< JEmol/mol). It is suggested that
short generator, this final sum is equivalent to the initial frequent calibrations should be made under the specific
methanol amount of substance fraction within the exper- application conditions, since the catalyst lifetime and
imental uncertainties. However, for the longer generator, durability measurements have only been conducted un-
the final amount of substance fraction of the carbon der limited conditions. Furthermore, the strong depen-
products is less than the initial methanol amount of dence of the conversion efficiency on the initial
substance fraction. Therefore, either trace levels of other methanol amount of substance fraction suggests that the
impurities containing carbon, such as those listed in generator must be calibrated for each specific amount of
Table 2, are also present in the generator exhaust orsubstance fraction required.
some carbon containing species remain in the generator.
The durability and lifetime of the catalyst was tested
by repeated measurements over the course of severab. Appendix A. Measurement of
months as well as a 200 h continuous run of @rBol/ Additional Products
mol methanol-in-air standard over the catalyst. In both
cases the catalyst conversion efficiency was consistent The residual methanol was determined by directly
within our measurement uncertainty. This further sug- comparing the integrated intensity of the absorbance
gests that a formaldehyde generator based on a molyb-spectra over a portion of the band, 950 cm'* to 1070
denum catalyst is a feasible method for producing low cm™, with integrated intensities calculated from the
level standard amount of substance fractions of NIST reference spectrum [16] of methanol absorption
formaldehyde-in-air. Since the lifetime tests were lim- coefficients. The analysis was confined to the methanol
ited, it is recommended that the catalytic conversion CO stretch, since this band had the least interference
efficiency is periodically monitored until more lifetime from other species present. The band profile from the
data is acquired. Another improvement in the formalde- reference spectrum matched that of the sample spec-
hyde generator would be to incorporate an on-line real trum except for formaldehyde features around 1075
time monitor of the formaldehyde amount of substance cm™.
fraction. Recent advances in compact diode and solid The band profiles for CO®and HO in the sample
state laser systems are making this a more realistic pos-spectra were distorted from those in the reference spec-
sibility. tra [17]. This may be attributed to differences in the gas
temperature and corresponding differences in the rota-
tional and vibrational distributions of the GOrhe gas
4. Summary exiting the 350°C catalyst bed may not completely equi-
librate to 25°C before the FTS measurement. The large
We have examined the feasibility of catalytically con- rotational line spacing of CCand HO makes this tem-
verting methanol-in-air mixtures to produce standard perature effect more evident for these species compared
formaldehyde-in-air mixtures. A number of parameters to methanol which has unresolved bands. Estimates for
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the CQ amount of substance fractions were obtained by
integrating the absorbance spectra over theband
(2240 cm* to 2400 cm*) and comparing the integrated
intensities to that of the reference spectrum.
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